A novel compensator topology is proposed for three-phase unbalanced loads in the distribution networks. The negative and zero sequence compensation networks are proposed using delta-connected and star-connected capacitor banks. The compensation networks are paralleled with the unbalanced load to achieve a perfect balancing of active power and a complete compensation of reactive power of the unbalanced load. Intelligent grouping compound switches are implemented to control the capacitors, where, therefore, each capacitor can be switched between phases or phase and ground. Wireless sensors are also applied to acquire the load quantities. The compensation method proposed is based on symmetrical component theory. In addition, the load compensation based on instantaneous symmetrical component theory with positive sequence online extraction is proposed under unbalanced and distorted source voltages. The proposed load-balancing method and device are applied to Liaoning, Neimenggu, and Jilin provinces. The application results are provided to validate the performance of the proposed compensator topology and compensation method.
Introduction
At present, the low-voltage three-phase four-wire distribution systems are facing the poor power quality problems such as high reactive power burden, unbalanced load, excessive neutral current, and voltage distortion. The power quality problems are mainly due to the proliferation of different types of nonlinear loads connected to the utility through residential, commercial, and industrial customers, unplanned expansion of the distribution system, and so forth [1] [2] [3] [4] . There are some typical single-phase loads such as computer loads, lighting ballasts, small-rating adjustable speeds drives (ASDs) in air conditioners, fans, refrigerators, and other domestic and commercial appliances. These loads can result in harmonic pollution, three-phase loads unbalance, and overload of neutral conductor which may cause many adverse effects such as overloading power feeders, overloading distribution transformers, voltage distortion, common mode noise, and higher costs.
To solve the problems of reactive power compensation, load balancing, and harmonic elimination, some methods have been developed.
A combined system of a static var compensator (SVC) and a series active filter [5, 6] has been proposed to compensate the unbalanced load and reactive power. The SVC which consists of delta-connected thyristor-controlled reactors and star-connected thyristor-controlled reactors and passive filters acts as a classic reactive power compensator for load balancing and power factor correction. With the rapid development and wide application of power electronics technology, some advanced equipmentsare being developed. Active power filter (APF), combinations of APF and thyristor binary compensator (TBC), capacitor-clamped APF and D-STATCOM [7] [8] [9] [10] [11] [12] , and voltage source inverter (VSI) [13] [14] [15] have been proposed to compensate reactive power and unbalanced load and eliminate harmonics. A loop power controller for load balancing of distribution feeders considering photovoltaic generation has been proposed [16] . The theory of instantaneous symmetrical components [7, 13] is applied to explore various control strategies of load compensation. Adaptive control strategies [10, 15, 17, 18] and decoupled d-q axes control scheme [11] are proposed to achieve load balancing and reactive compensation. For the combination of APF and TBC [8] , the TBC compensates reactive power and balances the load, but it needs enormous capacitors and the utilization is not high, and three-phase four-wire system is not considered. The voltage-source inverter [9] for APF is based on a three-level capacitor-clamped topology to reduce the voltage stress of power semiconductors, so the compensator structure and the control are complex.
Dynamic capacitor (D-CAP) and antiresonance hybrid delta-connected capacitor bank [19, 20] are proposed to achieve reactive power compensation and harmonic elimination, both of which lots of power switches are adopted. So the cost is increased and the control is not easy. In addition, unbalanced source/load and three-phased fourwire system are not considered. A numerical approach for load balancing by unbalanced capacitive shunt compensation has been proposed in a three-phase three-wire network [21] . The shunt compensator is delta connection and contains only capacitive susceptances and/or inductive susceptances. But other problems need to be taken into account, such as unbalanced source currents and/or excessive current flowing through the neutral conductor. And these problems are mainly caused by unbalanced loads connected to three-phase four-wire systems.
To overcome the aforementioned problems, a new topology of compensator based on intelligent grouping compound switch combined with power capacitors is presented in this paper. The compensator includes delta-connected capacitor banks and star-connected capacitor banks. The deltaconnected capacitor banks determine the redistribution of active power between the phases and compensate a part of the reactive power of load. The star-connected capacitor banks are used to compensate the other part of the reactive power of load. This method can make the ensemble loadcompensator perfectly balanced and have the desired power factor. Intelligent grouping compound switches are used to control the capacitors so that each capacitor can be connected to two phases or one phase and the neutral line, yielding smaller volume, lower costs, utilization of the capacitor, and more flexible control. Additionally, in order to avoid the use of the communication wire line and to improve the system reliability, wireless sensors are also applied to acquire the realtime unbalanced load quantities in this paper.
The Proposed Compensator Configuration
with Wireless Sensors Figure 1 shows the basic power circuit topology of the proposed compensator applied to low-voltage three-phase fourwire distribution networks for load balancing and reactive power compensation. The unbalanced, linear, and nonlinear loads are connected at the PCC. The compensator comprises capacitors and intelligent grouping compound switches. Each capacitor is connected to the intelligent grouping compound switches. And the capacity of the capacitors is unequal. In order to monitor the system and apply quantities of the loads, wireless voltage/current sensors are installed on the load side. From Figure 1 , we can see that each capacitor can be switched between phase and phase or between phase and ground by using intelligent grouping compound switches controlled by the controller. Compared with the conventional compensation methods, this method will conduce to small volume, low costs, flexible control, capacitor utilization, and high accuracy.
The Compensation Principle

The Direct Application of Symmetrical Component Theory.
The compensation principle graph of the compensator structure is shown in Figure 2 .̇,̇, anḋare the three-phase source voltages;̇,̇, anḋare the source line currents;
,̇, anḋare the load line currents;̇is neutral . According to Figure 2 , the load current can be expressed as
Using a similar way, the compensation current can also be presented as
Applying the symmetrical component theory [22] , the load current can be resolved into three components: positive sequence, negative sequence, and zero sequence. So the symmetrical components of the load current are obtained by
wherė0,̇+, anḋ− are zero sequence, positive sequence, and negative sequence of the load current, respectively. The symmetrical components of the compensation current can also be given, using a similar transform, by
wherėΔ com0 ,̇Δ com+ ,̇Δ com− anḋc om0 ,̇c om+ ,̇c om− are zero sequence, positive sequence, and negative sequence of the compensation currents of delta-connected and starconnected compensation capacitors, respectively. In order to balance the load and compensate the reactive power, the three-phase current after compensation should be satisfied:
Combining (3) and (4) and submitting in (5), the following can be obtained:
Mathematical Problems in Engineering
Obviously, there is no unique solution for (6) . The optimization is essential. Taking the technical difficulty of design and the total costs into account, the minimum of the sum of the squared compensation currents (defined as (7)) is used as a constraint:
where , , Δ , Δ , and Δ can be expressed in the form of . So min is obtained by solving
Finally, combining (6), (7), and (8), the parameters of the compensator can be obtained as Due to the measurement difficulty and inconvenience of the load parameters, , , , , , and , (9) can be presented as (10) using load active power and reactive power: 
where , , , , , and are the load active power and reactive power of each phase, respectively. 
Positive Sequence Online Extraction of Source Voltages.
It is to be noted that the previous method is suitable when the source voltages are balanced but neither unbalanced in magnitudes nor phase angles nor distorted. When the source voltages are unbalanced and distorted, they can no longer be directly fed to the shunt compensation algorithm (10) . Therefore, to improve the performance of the algorithm, the on-line extraction of positive sequence of source voltages at the point of common coupling is done using the powerinvariant instantaneous symmetrical component transformation [13, 22] . This is given by The phasor symmetrical components are defined as 0 , + , and − , respectively. The following equation is used to obtain the positive sequence voltage [13, 22] :
where 0 is any instant and is the duration of one cycle of supply voltage. After this extraction, the shunt compensation algorithm (10) is now fed only positive sequence voltage of the unbalanced and distorted source voltages.
Application of Intelligent Grouping Compound Switches.
Intelligent grouping compound switches are the important parts of the proposed compensator, whose structure is shown in Figure 3 . The intelligent grouping compound switches is mainly composed of magnetic latching relay K1, K2, K3, K4, K5, K6, K7, K8, and K9 and bidirectional triode thyristor TRIAC.
The magnetic latching relay and TRIAC are controlled by MCU controlled by microcontroller. When switching the capacitors, magnetic latching relay K1, K2, K3, K4, K5, and K6 complete the grouping according to the received command, so that each single-phase capacitor can be connected between phases or between phase and ground, and then the TRIAC is triggered at the time of voltage zero crossing, making the capacitors connected to the circuit. After a few tens of milliseconds of delay, K7, K8, and K9 are conducted, and the capacitors currents begin to flow though the relay. Then, remove the trigger signal and the capacitors switching action is completed.
Application of Wireless Voltage/Current Sensors.
With the developing of the computer and communications technology, the application of wireless sensors is increasing, especially in the smart grid. In order to facilitate monitoring of the system and reduce the use of the communication cables, wireless sensors are adopted in this paper. The wireless sensors are used to provide the load parameters for the controller of the compensator and the upper computer system. The wireless sensors are installed in each phase of the loads, as well as the compensator and the power distribution cabinet. The schematic diagram is shown in Figure 4 .
Application Results and Analysis
To verify and test the application effect of the compensator, a prototype compensator is developed and applied to Shenbei New District of Shenyang. The hardware system structure of the test platform is shown in Figure 4 , which includes a host computer, a power distribution cabinet, unbalanced linear/nonlinear loads, and the prototype compensator. The host computer is used to monitor the system running status, whose program is written in VB.NET. The host computer is connected to the power distribution cabinet. The needed parameters of the controller and the host computer are applied through the wireless sensors, and the parameters are mainly voltages and currents. The load cabinet is composed of 20 kvar single-phase adjustable reactor, 10 kvar nonlinear reactor, and 5 kw single-phase resistance. The capacitance of the prototype compensator is 36 kvar. The photo of the prototype compensator is shown in Figure 5 , in which the intelligent grouping compound switches are controlled by the controller made with ARM chip LPC2138. The program is written in C/C++ for the compensation algorithm.
For the application tests, the prototype compensator is tested for three different load conditions: (1) performance of the prototype compensator under balanced linear inductive load; (2) performance of the prototype compensator under unbalanced linear inductive load; (3) performance of the prototype compensator under unbalanced nonlinear inductive load. The details are discussed in the following section.
Performance of the Prototype Compensator under Bal-
anced Linear Inductive Load. The power factor and reactive power on source side before compensation and after compensation is shown in Figures 6(a) and 6(b) , respectively, and it is demonstrated that the reactive power of the load is compensated by the prototype compensator. The power factor is improved from 0.57 to 0.96. The state of the intelligent grouping compound switches is shown in Figure 6 (c). respectively. It is observed that on the source side the power factor is improved from 0.69 to 0.99 (phase C), the active power is balanced, and the reactive power is very small. The state of the intelligent grouping compound switches is shown in Figure 7(e) . These test results demonstrate the load balancing and reactive power compensation by the proposed compensator with the linear load.
Performance of the Prototype Compensator under
Performance of the Prototype Compensator under Unbal-
anced Nonlinear Inductive Load. The prototype compensator is tested for harmonic elimination, load balancing, and reactive power compensation by connecting an unbalanced nonlinear inductive load. The unbalanced load currents and balanced source currents are shown in Figures 8(a) and 8(b) , respectively, and the unbalance at the load side and the source side is shown in Figures 8(c) and 8(d) , respectively. It is demonstrated that improvement of the unbalance is achieved by the compensator. The THD and harmonic spectra of load current and source current are shown in Figures 8(e) and 8(f), respectively, showing that the THD is 34.5% at the load side and 4.6% at the source side. The active power, reactive power, and power factors at the load side and the source side are shown in Figures 8(g) and 8(h) , respectively. It is observed that at the source side the power factor is improved greatly, the active power is balanced, and the reactive power is compensated greatly by the compensator. The state of the intelligent grouping compound switches is shown in Figure 8(i) . These test results demonstrate the load balancing, harmonic elimination, and reactive power compensation by the proposed compensator with the unbalanced nonlinear inductive load.
Conclusion
The present paper sustains a new method applied for load balancing and reactive power compensation by using the model containing only capacitor banks which are controlled with intelligent grouping compound switches. This method can be applied for the low voltage three-phase four-wire distribution networks. The analysis and implementation of the new method and the prototype compensator developed have been carried out and applied to Shenbei New District of Shenyang. The good performance has been demonstrated for load balancing, reactive power compensation, neutral current elimination, and harmonic elimination in the experiment.
The compensator dimensioned using the presented model contains only capacitor banks, giving to the solution some clear advantages:
(i) smaller volume and lower costs by using only capacitor banks and intelligent grouping compound switches;
(ii) evenif it contains only capacitors, the compensators allow the total reactive power compensation on the ensemble of the three phases and the perfect balancing of the load or mitigation enough of the dissymmetry;
(iii) the units component of the capacitor banks can be small enough to allow an on-line control good enough by intelligent grouping compound switches, which also reduce the costs;
(iv) the structure of the compensator can be easily modified to increase or decrease the reactive capacitive power installed.
So, this simple and efficient way of load balancing and reactive power compensation can be adopted which can be applied for online control.
